Inactivating competitive pathways will improve fermentative hydrogen production by obligate anaerobes, such as those of genus Clostridium. In our previous study, the hydrogen yield of Clostridium perfringens W13 in which L-lactate dehydrogenase was inactivated increased by 44% when compared with its original strain W12. In this study, we explored whether blocking butyrate formation pathway would increase hydrogen yield. The acetyl-CoA acetyltransferase gene (atoB) encodes the first enzyme in this pathway, which ultimately forms butyrate. Clostridium perfringens W14 and W15 were constructed by inactivating atoB in W13 and W12, respectively. The hydrogen yield of W14 and W15 was 44% and 33% of those of W13 and W12, respectively. Inactivation of atoB decreased the pyruvate synthesis and its conversion to acetyl-CoA in both mutants, and increased ethanol formation in W14 and W15. Proteomic analysis revealed that the expressions of five proteins involved in butyrate formation pathway were up-regulated in W14. Our results suggest that butyrate formation deficiency improved ethanol production but not hydrogen production, indicating the importance of butyrate formation pathway for hydrogen production in C. perfringens.
Inactivating competitive pathways will improve fermentative hydrogen production by obligate anaerobes, such as those of genus Clostridium. In our previous study, the hydrogen yield of Clostridium perfringens W13 in which L-lactate dehydrogenase was inactivated increased by 44% when compared with its original strain W12. In this study, we explored whether blocking butyrate formation pathway would increase hydrogen yield. The acetyl-CoA acetyltransferase gene (atoB) encodes the first enzyme in this pathway, which ultimately forms butyrate. Clostridium perfringens W14 and W15 were constructed by inactivating atoB in W13 and W12, respectively. The hydrogen yield of W14 and W15 was 44% and 33% of those of W13 and W12, respectively. Inactivation of atoB decreased the pyruvate synthesis and its conversion to acetyl-CoA in both mutants, and increased ethanol formation in W14 and W15. Proteomic analysis revealed that the expressions of five proteins involved in butyrate formation pathway were up-regulated in W14. Our results suggest that butyrate formation deficiency improved ethanol production but not hydrogen production, indicating the importance of butyrate formation pathway forIntroduction Biological production of hydrogen by different microorganisms has been attracting interest due to concerns regarding the environmentally benign alternatives to current fossil energy sources [1, 2] . Since other reducing metabolites, such as propionate, butyrate, and sometimes lactate and ethanol, are produced during anaerobic fermentation, the hydrogen yields of dark fermentation have been reported to range from 0.6 to 1.9 mol/mol glucose [3] [4] [5] [6] , which are substantially less than the theoretical yield (4 mol/mol glucose). Previous studies have attempted to improve hydrogen yield by engineering related metabolic pathways, particularly those related to the composition of liquid metabolites [7] [8] [9] [10] [11] [12] [13] .
The hydrogen yield was enhanced from 1.08 to 1.82 mol/mol glucose by eliminating lactate and succinate formation in an ldhA (lactate dehydrogenase gene) and frdBC (fumarate reductase gene) double-mutant Escherichia coli SR15 stain. In this strain, the yield of acetate was also enhanced by 34% [7] . The hydrogen yield in a Klebsiella oxytoca mutant in which bifunctional acetaldehyde-CoA/alcohol dehydrogenase gene (adhE) was inactivated increased by 16% and its ethanol concentration decreased by 77% [8] . Similar metabolic engineering studies have been performed in Enterobacter species. A hycA and hybO (encoding formate hydrogen lyase repressor protein and uptake hydrogenase small subunit, respectively) double-mutant, Enterobacter aerogenes IAM1183-AO, yielded 1.36 mol hydrogen/mol glucose (1.17 times greater than the wild type), and the yields of lactate, acetate, and ethanol were also increased [4] . The hydrogen yield in an Enterobacter cloacae strain increased by 1.5 times (to 3.4 mol/mol glucose) when its alcohol and organic acid formation pathways were blocked; however, no significant effects on acetate yield were observed [9] . Some Clostridium strains have been genetically engineered to improve hydrogen production. Overexpression of [FeFe]-hydrogenase in Clostridium paraputrificum M-21 resulted in a 1.7-fold hydrogen yield increase from 1.4 to 2.4 mol/mol GlcNAc. Meanwhile, acetate yield increased and lactate production reduced significantly [10] . Inactivation of ack (encoding acetate kinase), thus inactivating the acetate formation pathway in Clostridium tyrobutyricium, enhanced hydrogen and butyrate production from glucose. However, no significant effect on acetate formation was identified [11] . In a previous study with the same strain, inactivation of pta, encoding phosphotransacetylase which is another key enzyme in the acetate formation pathway, had little effect on hydrogen production. However, this inactivation had the same effects on butyrate and acetate production as ack inactivation [12] . In our previous study, the hydrogen yield in a C. perfringens mutant (W13) with an inactivation of ldh gene (encoding L-lactate dehydrogenase, Fig. 1 ) increased 44% since the lactate formation pathway was completely blocked. Concentrations of acetate and butyrate in its fermentation effluent increased 26% and 57%, respectively [13] .
In this study, we inactivated the butyrate formation pathway and monitored the effects on hydrogen production in C. perfringens. Proteomic analysis of C. perfringens mutants was performed to determine the biological mechanisms of changes in hydrogen production.
Materials and Methods
Bacterial strains, plasmids, and growth conditions Clostridium perfringens W12 and its mutants were precultured in modified liquid growth medium for the genus Clostridium (CGM). For hydrogen production, 0.5 ml of C. perfringens preculture was inoculated into 28 ml of hydrogen-producing medium in 38 ml anaerobic tubes as described previously [13] . The hydrogen-producing medium contained 1.5 g/l KH 2 PO 4 , 4.2 g/l Na 2 HPO 4 . 12H 2 O, 0.18 g/l MgCl 2 . 6H 2 O, 0.1 g/l FeSO 4 . 7H 2 O, 2 g/l yeast extract, 1 g/l glutamic acid, and 10 g/l sucrose. Tubes sealed with rubber stoppers were kept at 378C for 48 h and 60 ml of syringes were used to collect and measure biogas production.
PMD18-T (TaKaRa, Tokyo, Japan) was used as a cloning and sequencing vector for E. coli. The E. coli-C. perfringens shutter vector pJIR750ai (Sigma-Aldrich, St Louis, USA) was chosen as the TargeTron gene knock out plasmid. Escherichia coli TOP 10 was used as clone host and grown at 378C in Luria-Bertani (LB) medium supplemented with ampicillin (100 mg/ml) or chloramphenicol (25 mg/ml).
The cell density was determined by measuring absorbance at 600 nm. For biomass measurements, 20 ml of fermentation broth samples were centrifuged at 12,000 Â g for 10 min, and pellets were washed three times with physiological saline and weighed after drying at 608C for more than 48 h.
DNA extraction
Plasmid DNA from E. coli was isolated using Axygen plasmid Miniprep kit (Axygen, Union, USA) and genome DNA of C. perfringens strains were prepared using Wizard Genomic DNA purification kit (Promega, Madison, USA) as described previously [13] . DNA fragments were purified from gel using gel extraction kit (Axygen).
Construction of C. perfringens W14 and W15
Full-length atoB from C. perfringens was amplified using polymerase chain reaction (PCR) primers aotB-F and atoB-R ( Table 1 ) and was confirmed by sequencing. The sequence was then submitted to the TargeTron design site (http://www.sigma-aldrich.com/targetronaccess) to predict intron insertion sites. The insertion site at position 411/412 from initial ATG in anti-sense strand was chosen for intron modification. Modifications of intron RNA sequences with atoB target site sequences were performed by PCR using three atoB gene-specific primers atoB411j412a-IBS, atoB411j412a-EBS1d and atoB411j412a-EBS2 ( Table 1) . The amplified 350 bp fragment digested with HindIII and BsrGI was ligated into pJIR750ai (digested with same two restriction enzymes) to construct recombinant plasmid pJIR750-atoB.
The vector pJIR750-atoB was then electroporated into C. perfringens W13 and W12 to obtain W14 and W15, respectively. Chloramphenicol-resistant colonies were screened for TargeTron insertion by PCR using primers atoB-41F and atoB-451R (Table 1) , and for further confirmation, amplified fragments were cloned into pMD19-T (TaKaRa) for sequencing just as in other studies [14, 15] . DatoB mutants prefer lactate and/or ethanol to hydrogen production
Metabolite analysis
The composition of the evolved biogas (mainly H 2 and CO 2 ), alcohols, and organic acids were determined as described previously [13] . Briefly, the composition of evolved biogas was determined in a gas chromatograph (GC) (GC7900; Techcomp, Shanghai, China) equipped with a thermal conductivity detector. Alcohols in fermentation effluents were quantified by GC (17A; Shimadzu, Kyoto, Japan) with a flame ionization detector and a 30-m FFAP capillary column. Organic acids in fermentation effluents were quantified by high-performance liquid chromatography (Shimadzu) with two Shodex RSpak KC-811 ion exchange columns (8 by 300 mm).The volume of hydrogen gas produced was converted to normal conditions. Hydrogen yield was calculated as the ratio of the moles of H 2 produced to the moles of equivalent hexose to sucrose added. All data, including hydrogen yield, concentration of fatty acids were mean values of at least three replication.
Proteomic analysis
For proteomic analysis, C. perfringens W12, W13, and W14 stains were harvested for 12 h after inoculation to hydrogen-producing medium. Two-dimensional polyacrylamide gel electrophoresis (2-DE) followed by mass spectrometric analysis was employed as described previously [16] . Briefly, pelleted cells were washed in TE buffer, resuspended in lysis buffer, and lysed by sonication. A protein aliquot (120 mg) from each sample was subjected to 2-DE. The silver-stained gels were scanned and analyzed using Progenesis SameSpots software (Nonlinear, Newcastle, UK). Protein spots were excised and submitted to in-gel-digestion prior mass spectrometric (MS) analysis.
MS and tandem mass spectrometric (MS/MS) analysis were performed using a 4700 proteomics analyzer (Applied Biosystems, Framingham, USA). MS and MS/MS data were analyzed using MASCOT 2.1 software (Matrix Science, London, UK) to search against NCBInr database.
Gene expression analysis by quantitative real-time reverse transcriptase (RT)-PCR To validate gene expression variations related to butyrate metabolism at transcriptional level, real-time reverse transcriptase (RT)-PCR was performed. Primers used for realtime RT-PCR assay are listed in Table 1 . During late exponential growth phase (12 h after inoculation), 1 ml of W12, W13, or W14 culture was collected for total RNA extraction, and then real-time RT-PCR was performed as described previously [17] . Gene expression level was normalized to that of corresponding 16S rRNA.
Statistical analysis
Data were analyzed using Students t-test. P , 0.05 was considered as statistically significant.
Results

Growth of C. perfringens W14 and W15
The TargeTron vector pJIR750-atoB was electroporated into C. perfringens strains W13 and W12 to produce W14 and W15, respectively. Positive colonies were identified based on the presence of a 1300-bp fragment band, while the length of corresponding fragment in parent strain was 410 bp (data not shown). The atoB-intron was detected in sequenced PCR fragments from W14 and W15, indicating 
AtoB, acetyl-CoA acetyltransferase; EtfA and EtfB, electron transfer flavoprotein alpha and beta subunit, respectively; Crt, 3-hydroxybutyryl-CoA dehydratase; Ptb, phosphate butyryltransferase; Buk, butyrate kinase; Adh, alcohol dehydrogenase; AdhE, bifunctional acetaldehyde-CoA/alcohol dehydrogenase; 16S, 16S rRNA.
DatoB mutants prefer lactate and/or ethanol to hydrogen production that intron was integrated into the site between nt 411and 412 of atoB, and thus inactivated AtoB in W14 and W15 (data not shown).
The growth curves of C. perfringens W14 and W15 were similar to those of W12 and W13 [ Fig. 2(A) ]. The specific growth rate in C. perfringens W12, W13, W14, and W15 was 1.62 + 0.35/h, 1.43 + 0.37/h, 1.56 + 0.43/h, and 1.41 + 0.53/h, respectively. The cell biomass of these four strains was also similar and reached 0.5 g/l (dry weight).
Production of hydrogen and other metabolites As described in our previous study [13] , the inactivation of ldh increased hydrogen yield by 42% and decreased lactate yield to nearly zero in W13 [ Table 2 , Fig. 2(D,H) ]. Although the inactivation of atoB in W14 and W15 decreased butyrate yield to zero as expected [ Fig. 2(G) ], hydrogen production decreased in both W14 and W15 [ Table 2 , Fig. 2(D) ]. The hydrogen yield in W15 was 0.56 mol/mol hexose, only 33% of that in W12. The hydrogen yield in W14 was 1.07 mol/ mol hexose, which was 44% of that in W13. Similarly, the hydrogen production rates of W14 and W15 decreased significantly (data not shown). After hydrogen production stopped, W12 and W13 consumed added sucrose, while W14 and W15 consumed only 56% and 63% of added sucrose, respectively [ Fig. 2(B) ].
In W12 and W13, pyruvate accumulated, peaked at 16 h, and decreased nearly to zero when hydrogen production stopped at 44 h [ Fig. 2(E) ]. In W14, pyruvate accumulated during entire fermentation period. The acetate yield in W14 was only 80% of that in W12 [ Fig. 2(F) ]. In contrast, its ethanol yield increased 10-fold when compared with W12 and W13, which was the highest in all strains examined [ Fig. 2(I) ]. The metabolic flux, including reductive ability stored from butyrate and lactate formation, shifted the pathway to ethanol formation and blocked pyruvate consumption.
When only butyrate formation pathway was blocked (as in W15), less pyruvate accumulated and its initial consumption time started after 4 h [ Fig. 2(E) ]. Acetate accumulation Figure 2 Growth curves and fermentation profiles of C. perfringens W12 and its mutants using 10 g/l sucrose as carbon source Growth curve (A), sucrose consumption (B), pH variation (C), and profiles of cumulated hydrogen (D), pyruvate (E), acetate (F), butyrate (G), lactate (H), and ethanol (I) of C. perfringens W12 and its mutants. W12, Dplc (encoding alpha toxin); W13, Dplc/Dldh (encoding lactate dehydrogenase); W14, Dplc/Dldh/DatoB (encoding acetyl-CoA acetyltransferase); W15, Dplc/DatoB.
DatoB mutants prefer lactate and/or ethanol to hydrogen production decreased 48% while the accumulation of lactate and ethanol increased 32% and 185%, respectively, when compared with W12. The concentration of lactate increased faster than that of ethanol [ Fig. 2(H,I) ]. The metabolic flux stored from butyrate formation shifted to lactate formation followed by ethanol formation.
Proteomic analysis of C. perfringens W12 and its mutants W13 and W14 As expected, Ldh and AtoB were absent in proteomes of W13 and W14, respectively. The abundance of all proteins involved in butyrate formation pathway did not differ significantly in W12 and W13. However, the abundance of five proteins, electron transfer flavoprotein alpha (EtfA) and beta (EtfB) subunits, 3-hydroxybutyryl-CoA dehydratase (Crt), phosphate butyryltransferase (Ptb), and butyrate kinase (Buk), which are involved in butyrate formation pathway, increased significantly in W14 proteome (Fig. 3, Table 3 ). The abundance ratio of W14 to W12 ranged from 1.9 to 6.3 (Fig. 3, Table 3 ). RT-PCR analysis further confirmed that the transcriptional level of these five genes increased more than 1.5 times in W14 when compared with those in W12 and W13 (Fig. 3) .
Ethanol acts as a substitute for butyrate and is one of the main end products in W14. However, variations of two key enzymes, Adh and AdhE, in ethanol formation pathway were not detected in strains W12-W14. The transcription levels of adh and adhE were slightly up-regulated in W14 when compared with those in W12 and W13 (Fig. 3) .
Discussion
Blocking lactate and/or butyrate formation pathway had little effect on cell growth in W14 and W15 when compared DatoB mutants prefer lactate and/or ethanol to hydrogen production with their original strains W13 and W12. In a previous study, the inactivation of butyrate formation pathway had little effect on the growth of C. butyricum [18] . However, a study of C. tyrobutyricium has revealed that the inactivation of pta or ack in acetate formation pathway decreases the growth rate of mutants since acetate formation pathway generates more ATP than other pathways during fermentation [12] , which suggests that butyrate and lactate formation pathways do not play major roles in energy generation. Added sucrose was consumed almost completely in W12 and W13. However, a large amount of sucrose remained in the effluent of W14 and W15, in which gene atoB had been inactivated [ Table 2 , Fig. 2(B) ]. Phosphofructokinase (Pfk) was reported to be the key enzyme regulating the speed of Embden-Meyerhof -Parnas pathway (EMP) [19] . It has been reported that Pfk is sensitive to acidity [20, 21] and its activity is completely inhibited at pH 5 [22] , which explains why hydrogen production of anaerobic bacteria, such as Clostridium, ceased at pH 4.5-5.0 with different superfluous substrates [13, [23] [24] [25] . Similarly, hydrogen production in W12-W15 ceased within pH 4.6-4.9 in this study [ Fig. 2(C) ]. Inhibition of Pfk activity at an acidic pH should end the EMP pathway earlier and result in a high concentration of residual sucrose in W14 and W15.
Inactivation of butyrate formation pathway likely resulted in higher NADH/NAD þ in W14 and W15. Three pathways are proposed to convert NADH to hydrogen in anaerobic bacteria: (i) NADH-ferredoxin reductase and hydrogenase [26] , (ii) butyryl-CoA dehydrogenase (Bcd)/Etf complex (coupled ferredoxin and crotonyl coenzyme A reduction with NADH) and hydrogenase [27] [28] [29] , and (iii) a bifurcating hydrogenase to oxidize NADH and ferredoxin simultaneously to produce H 2 , which is found in Thermotoga maritima and some Clostridium species [18, 30, 31] . No homologs of three gene-encoding subunits of bifurcating hydrogenase were detected in the genomes of sequenced C. perfringens strains. Although three genes (cpe 2300, cpe 2299, and cpe 2298) encoding the three components of Bcd/Etf complex are detected in C. perfringens genome, blocking butyrate formation pathway resulted in the absence of Bcd/Etf complex. Only the first pathway of NADH-ferredoxin reductase and hydrogenase remained in W14 and W15. However, its efficiency might be very low and it might function only at very low partial pressures of hydrogen (,60Pa) as described previously [30, 32] , which might be the reason why W14 and W15 produce less hydrogen ( Table 2) . Extra NADH may be consumed by lactate or ethanol formation pathways. Blocking butyrate biosynthetic pathway might change the redox balance in the addition of a putative congestion of C4 pathway which in turn leads to an induction of ethanol and lactate production instead of acetate formation in C. acetobutylicum [33, 34] . In W14, due to the inactivation of lactate and butyrate formation pathways, the extra NADH was likely consumed only during ethanol formation, and thus the ethanol yield increased significantly when compared with W12 and W13 [ Fig. 2(I) ]. In W15, both lactate and ethanol formation pathways compete for NADH; however, the higher NADH/NAD þ ratio activates DatoB mutants prefer lactate and/or ethanol to hydrogen production Ldh [35] , and thus the lactate concentration increased more quickly than ethanol [ Fig. 2(H,I) ].
The increase in residual sucrose and the reduced levels of NADH conversion to hydrogen in W14 and W15 may directly give rise to lower hydrogen yield. According to the variation of metabolites in W12 and its three mutants ( Table 2, Fig. 2) , among all enzymes involved in the oxidization of NADH, the order of affinity to substrate NADH in C. perfringens W12 might be: Ldh!Hdb!Bcd, EtfA and EtfB complex.AdhE..NADH-ferredoxin reductase. It may be possible to increase hydrogen yield in butyrate formation pathway-inactivated mutants by introducing more efficient NADH-ferredoxin reductase or bifurcating hydrogenase, which may convert NADH directly into hydrogen.
Blocking butyrate formation pathway up-regulates the expression of five genes involved in butyrate formation in W14 at transcriptional and translational levels. In most saccharolytic Clostridia, the cell adjusts the fraction of acetyl-CoA, which converts to acetate and butyrate to maintain redox balance [36] . As a normal response to redox unbalance, cells might alter the activity or the expression of proteins involved in reducing product formation, which explains the increased expression of five butyrate formation related proteins. However, variations in Adh and AhdE protein levels were not observed in 2-DE. It was speculated that the expression of adh and/or adhE was very low and/or they did not convert acetyl-CoA to ethanol, as reported in C. acetobutylicum [37] . Instead, the bacterium relied on ethanol synthesis under certain physiological conditions, similar to strains W14 and W15.
In summary, EtfA/B and Bcd might play a major role in converting NADH into hydrogen in C. perfringens. Thus, blocking butyrate formation pathway in W12 or W13 significantly decreased hydrogen production. Our results suggest that the substrate affinities of the enzymes involved in the oxidization of NADH in C. perfringens W12 might be Ldh!Hdb!Bcd, EtfA and EtfB complex. AdhE.. NADH-ferredoxin reductase and that C. perfringens prefers butyrate or lactate formation than ethanol to release the reductive ability of glycolysis.
